THERMAL EFFECTS ON THE BEARING BEHAVIOR
OF COMPOSITE JOINTS

A Dissertation presented to the Faculty of the

Graduate School of Engineering and Applied Science
at the

University of Virginia

In Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy, Mechanical and Aerospace Engineering

By

Sandra Polesky Walker

May 2001



Abstract

Thermal effects on the pin-bearing behavior of an IM7/PETI5 composite
laminate are studied comprehensively. A hypothesis presents factors influencing
a change in pin-bearing strength with a change in temperature for a given joint
design. The factors include the change in the state of residual cure stress, the
material properties, and the fastener fit with a change in temperature.

Experiments are conducted to determine necessary lamina and laminate
material property data for the IM7/PETI5 being utilized in this study. Lamina
material properties are determined between the assumed stress free
temperature of 460°F down to —-200°F. Laminate strength properties are
determined for several lay-ups at the operating temperatures of 350°F, 70°F, and
—200°F.

A three-dimensional finite element analysis model of a composite laminate
subject to compressive loading is developed. Both the resin rich layer located
between lamina and the thermal residual stresses present in the laminate due to
curing are determined to influence the state of stress significantly. For the
laminate modeled, the effect of modeling temperature dependent material
properties and nonlinear stress-strain behavior was found to be negligible.
Simply using the material properties measured at the operating temperature of
interest was sufficient for predicting stresses accurately in a linear analysis for
the current problem.

Pin-bearing tests of several lay-ups were conducted to develop an
understanding on the effect of temperature changes on the pin-bearing behavior
of the material. As expected, for all lay-ups that failed in the bearing mode, pin-
bearing strength decreased with an increase in temperature. Micrographs of
failed specimens revealed severe damage in the outermost two plies with shear
cracks emanating from that region.

A computational study investigating the factors influencing pin-bearing
strength was performed. A finite element model was developed and used to
determine the residual thermal cure stresses in the laminate containing a hole.
Very high interlaminar stress concentrations were observed two elements away
from the hole boundary at all three operating temperatures. The interlaminar
stresses quickly reduced to zero within one laminate thickness from the hole
boundary. Changes in fastener fit with a change in temperature were predicted
to be insignificant on influencing changes in pin-bearing strength.

The pin-bearing problem was modeled assuming a rigid frictionless pin
and restraining only radial displacements at the hole boundary. A uniform
negative pressure load was then applied to the straight end of the model. A
solution, where thermal residual stresses were combined with the state of stress
due to pin-bearing loads was evaluated. The presence of thermal residual
stresses intensified the interlaminar stresses predicted at the hole boundary in
the pin-bearing problem. This dissertation shows that changes in material
properties drives pin-bearing strength degradation with increasing temperature.
The thermal residual cure stresses affect the extent that the pin-bearing strength



changes with temperature, where they can only lessen the strength degradation
with increasing temperature.
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Chapter 1
Introduction

The desire for lighter weight aircraft and spacecraft has led to the
utilization of polymer matrix composite materials for many structural components
in advanced vehicle designs. Laminated composite panels have the ability to
carry high mechanical loads while remaining lightweight in comparison to metallic
panels. In advanced vehicle structural applications, the composite panels may
be exposed to temperature extremes. This dissertation considers a critical area
for application of composites at temperature extremes: the problem of
mechanically fastened joints.

1.1 Background

To provide the rationale for the dissertation research, the necessity of
mechanically fastened composite joints is briefly discussed. Next, the loading of
composite joints at elevated and cryogenic temperatures is described followed by
the topic of pin-bearing loads on a composite laminate and associated failure
modes.

1.1.1 Mechanically Fastened Composite Joints

Size limitations in large-scale structures fabrication in addition to economic
factors require that structural components be fabricated as components with
subsequent assembly to produce a final vehicle. Due to the inability of adhesive
bonds to transfer high mechanical loads between structural components,
mechanically fastened joints are often used in vehicle design. A schematic
drawing of a mechanically fastened composite joint concept as a component in
an aircraft wing is illustrated in Figure 1.1. The joint concept shows two
honeycomb sandwich panels with composite facesheets joined to a titanium
splice plate through two rows of fasteners on each panel. By providing a load
path through bolts and splice plates, the bolted splice joints transfer mechanical
loads between structural components.

The need to join composite panels through bolted splice joints has raised
many issues not encountered with metallic joints. Anisotropic, nonhomogeneous
and viscoelastic properties of composite laminates in addition to their brittle
nature require special attention in developing structurally reliable and efficient
joints.  The joining of composite laminates through bolted splice joints
consequently became a major topic of research from the 1970s to the present.
In 1986, the first U.S. government design guide was published that provides
analysli? tools (computer codes) and guidance for the design of composite bolted
joints.™

1.1.2 Thermo-mechanical Loading

When a structure is exposed to a change in operating temperature,
thermally induced stresses arise from constrained thermal expansion or
contraction. In addition, both thermal and mechanical properties may change
over the range of temperature. The combined effect of altered thermal




environment and additionally applied mechanical loading results in a complex
thermo-mechanical loading of the structure.

Elevated Temperatures. During typical aircraft flight maneuvers, bending loads
are induced along the span of the wing. Wing bending results in significant in-
plane axial loads for the upper and lower wing surface panels. The loads may
either be tension or compression; for example, when the upper surface is in
compression, the lower surface is in tension. The axial load is depicted in Figure
1.2 for a surface wing panel joint experiencing a tensile load. A side view
through the thickness of the wing joint is displayed in the figure with the applied
mechanical load, Nx. For high speed aircraft structures, like that shown in Figure
1.1, the outer surface structural joints are also exposed to aerodynamic heating.
For a Mach 2.5 civil transport, temperatures have been shown to reach 350°F on
the outer surface of the aircraft.'? Thermal effects in addition to the mechanically
applied loads create a state of thermo-mechanical loading for the surface splice
joint. The elevated temperatures may degrade the load carrying capabilities of
the joint and consequently impose additional challenges in the joint design.
Unfortunately, the design tools of Ramkumar et al. do not include temperature
effects.**

Cryogenic Temperatures. On the other end of the spectrum, there is the
possibility that laminated composite bolted splice joints will be necessary in
cryogenic environments. Research studies have shown the necessity for
composites as primary structure for a cost effective reusable launch vehicle(RLV)
to replace the Space Shuttle.>*** A schematic of a composite bolted splice joint
in a RLV concept is illustrated in Figure 1.3. The figure shows an RLV concept
with internal liquid oxygen (LO2) and liquid hydrogen (LH2) cryogenic tanks and
an intertank structure located between the cryogenic tanks.** In such a design,
a composite bolted splice joint is used as an assembly joint in mating the
intertank structure with the cryogenic tank structures. As shown in the figure, the
joint is subject to axial loading, Nx. Due to the joints proximity to the cryogenic
tanks, the joint will be exposed to cryogenic temperatures. Consequently, the
effect of cryogenic temperatures on the joint behavior requires consideration in
the joint design.

1.1.3 Composite Laminate Subject to Pin-Bearing Loading

When the bolted splice joints shown in Figures 1.2 and 1.3 are subject to
in-plane mechanical loads, the composite laminate facesheets experience
complex loading, where bearing loads are a significant component. The bearing
load is compressive due to the fastener bearing on a finite area of the composite
laminate at the bolt hole boundary.
A simplistic case of pin-bearing where there is no out-of-plane compression of
the composite laminate due to tightening of the bolt is shown in Figure 1.4. The
composite laminate bearing specimen has width, w, edge distance, e, bolt hole
diameter, D, and thickness, t. The figure also shows a tensile load, P, being
transferred to the composite laminate through the pin with diameter, d. Due to
the load transfer through the pin-laminate contact, the laminate is subject to




compressive bearing stresses in the vicinity of the bearing surface. The contact
area varies as the load P increases.

A typical load-deformation curve obtained from a bearing test is shown in
Figure 1.5.'> For bearing testing, the deformation, 3, is measured across the
bolt hole and is referred to as the bolt hole elongation. On the curve, the
proportional limit represents the onset of nonlinear material behavior. The yield
strength corresponds to 4% hole elongation in the composite laminate, and the
ultimate load represents the maximum sustained load of the joint prior to failure.
The bearing strength Fy, of the laminate is calculated by:

For = PItD (1.1)

The subscripts bry and bru are also used to differentiate between yield and
ultimate bearing strength, respectively.

The four basic laminate failure modes associated with composite bolted
joints are illustrated in Figure 1.6.%° The tension failure mode is characterized by
a fracture of the laminate across its width from the hole to the edges, the
shearout failure mode is characterized by a “pull-out” fracture between the hole
and laminate end, and the cleavage-tension failure mode is characterized by a
simultaneous fracture across the width to one edge and between the hole and
the laminate end. The bearing failure mode is observed as a localized crushing
of the laminate in front of the bearing surface. The type of failure mode observed
during bearing testing is affected by the w/D and e/D ratios of the bearing
specimens, which can easily be explained through strength of materials
considerations. For a given laminate, the tension failure mode is associated with
insufficient w/D ratios, where the specimen is not wide enough to prevent a
tension failure. The shearout failure mode is dependent on the e/D ratio, where e
can be made larger to prevent shearout failure. The cleavage-tension failure
mode is a combined tension and shearout failure when the tension strength
corresponds to the shear strength of a specimen. For sufficiently large e/D and
w/D ratios, the bearing failure mode will result.

1.2 Previous Research

Previous research pertinent to this dissertation is reviewed in this section.
Research on thermal effects on bearing behavior of composite joints is presented
by first reviewing experimental investigations, followed by analytical studies.
Residual stress concentrations at bolt holes is then reviewed. Finally, issues
concerning previous studies are revealed.

1.2.1 Experimental Investigations on Bearing Behavior

Previous experimental investigations on pin-bearing strength, bolt bearing
strength, and the effect of clamp-up forces for composite laminates with varying
operating temperatures are reviewed.

Pin-bearing Strength. Three experimental investigations reported on the effect of
temperature on the pin-bearing strength and failure mode for particular
composite laminates. Pin bearing tests were conducted by Kim et al. (1976) at
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room temperature and at 260°F on three different graphite/epoxy lay-ups.™®
About a 30 percent reduction in the pin bearing strength was observed for a
temperature increase to 260°F for all three lay-ups. No change in the bearing
failure mode was observed at the elevated temperature. Another study was
conducted by Wilkins in 1977 which also investigated the effect of temperature
on joint strength for the same graphite/epoxy material for five different lay-ups.*’
For all specimens, a moderate temperature increase from room temperature to
200°F showed no significant effect on the specimen strength. However, unlike
Kim et al.’s study where the bearing specimens failed in a bearing mode, the
bearing specimens here failed in a net tension mode. In contrast, a pin bearing
strength reduction of approximately 40% with a temperature increase to 350°F
from room temperature was reported by Wilson in 1979 for graphite/epoxy
specimens with a range of geometric parameters.’® Interestingly, for the 0
degree dominated lay-up tested, where the strength difference was pronounced
for varying specimen width at room temperature, the strength became
independent of specimen width at 350°F.
Bolt Bearing Strength. Several references encompassing both elevated
temperature and cryogenic strength testing of graphite/polyimide composite
bolted splice joint specimens were found in the literature. In 1979, Perry and
Hyer established the testing procedures in their study.>® Testing of 16-ply double
lap quasi-isotropic specimens were conducted at temperatures of —250°F, 75°F,
and 600°F. Wichorek observed a 30% reduction in bearing strength at the 600°F
testing temperature in comparison to room temperature, and an 18% increase in
bearing strength at the low temperature of —250°F in comparison to room
temperature.**%**  Other experimental investigations also revealed strength
reductions at elevated temperatures for bolted composite material joints.*****
114, 115 116 117 One study concluded that fracture load and mode can be
predicted for joint geometry and temperature for a specific material system,
where the authors proposed an empirical equation to estimate fracture load.*®
However, for carbon fiber composite joints tested at temperatures up to 285°F,
negligible strength reductions were observed.™'® In general, past research
suggests that the magnitude of strength reduction is at least somewhat
dependent on the composite unnotched material properties variations with
temperature.

The effect of lay-up on bearing strength at room temperature (RTD) and at
a 250°F elevated temperature wet condition (ETW) was investigated by Garbo
and Ogonowski for graphite-epoxy bolted joints.>*® Three lay-ups of varying
percentage of 45° plies were tested in both tension and compression for a double
shear two-fastener in-tandem specimen with a 50 in-Ib torque. A 30-40 ksi loss in
ultimate bearing strength was observed for all three lay-ups tested at the ETW
condition. This result is in contrast to other reported pin-bearing strength results
where the magnitude of the strength reduction was dependent on the lay-up of
the material being tested.>® " ¥ Additionally, the effect of edge distance, e,
and specimen width, w, (see Figure 1.4) on the bearing strength was also
investigated by Garbo and Ogonowski. For a pin diameter d, they observed an



insensitivity to both e/d and w/d ratios, with a reduced bearing strength capacity
for the ETW condition.

An extensive test program was conducted with the objective of providing
information on the bearing behavior of graphite cloth epoxy in addition to quasi-
isotropic tape laminate bolted joints at temperatures up to 450K.?* %2 Strength
degradations at elevated temperatures were observed for single and
multifastener joint tests. The empirical approaches of Hart-Smith were utilized to
explain elevated temperature test results. The techniques of Hart-Smith were
developed from room temperature testing where stress concentration factors are
computed based on composite bolted joint strength data from joints failing in
tension.?* ?* Baile et al.’s test results from tension failure specimens showed
that raising the temperature produced significant increases in the stress
concentration. This was explained to be due to higher temperatures reducing the
resin strength and stiffness, thus lessening it's ability to support the fibers and
transfer the load adjacent to the hole. Additionally, when tension failures
occurred, there was little if any decrease in the joint stiffness as a function of
temperature, but when bearing failures occurred, there was a clear decrease in
joint stiffness over the linear load-deflection range.

The mechanical behavior of quasi-isotropic bolted joints was examined
and discussed by Meakawa et al. in 1985, where test temperature, specimen
width, and edge distance were all varied with zero bolt-torque clamping.'?®
Examination of the results shows that at 120°C, all failure modes changed to
bearing with a lower bearing strength than at room temperature. The change to a
bearing failure mode was attributed to the actual decrease in the compressive
strength for the laminate with increasing temperature. The width and edge
distances required to raise the joint strength at room temperature did not provide
any significant strength improvement at elevated temperatures where bearing
failures occurred. In retrospect, these results are similar to those observed by
Garbo and Ogonowski for graphite/epoxy bolted joints, where increasing
specimen width and edge distance did not provide the increased strength
capacity for the ETW case as it did for the RTD case.>®® Examination of the
material properties of the lamina reported by Garbo and Ogonowski shows a
53% reduction in the fiber direction lamina compressive strength and a 33%
reduction in the matrix direction lamina compression strength at the ETW
condition and no change in the fiber direction tension ultimate strength with no
reporting on the matrix direction tension strength at the ETW condition.

Bolt Clamp-up Effects. The beneficial effects of bolt clamp-up forces in
increasing joint strength has been well documented for room temperature
composite joints.>?* 4" 12 The increase in strength can be attributed to a
combined effect of increasing the portion of load being transferred by friction at
the joint, thus decreasing the bearing load at the bolt hole and also the lateral
constraint increasing bearing strength by reducing out-of-plane displacement
under contact and hence reducing the out-of-plane shear stress.>?® The effect of
temperature on joint strength for varying clamp-up force was investigated by
Horn and Schmitt in 1994.° They conducted tests of single-shear thermoplastic
composite specimens with the objective of establishing a correlation between



bearing strength and clamp-up force. Their test results showed that increasing
temperature decreased the bearing strength proportionally over the range of
clamp-up force. Both the room temperature and elevated temperature results
showed the same trend of increasing bearing strength with increasing clamp-up
force. Wright et al.(1997) investigated the time- dependent bolt bearing behavior
of thermoplastic joints at elevated temperature.’** They observed time-
dependent behavior of IM7/K3B joints only in a narrow band of loadings for an
unclamped condition. For the clamp-up tests, no bearing creep behavior was
observed up to 150% of the baseline load for the joint. Clamp-up force appeared
to have the most significant effect on coupon bearing strength at temperature.
They also conducted bearing bypass interaction static tests at temperature. The
test results showed more significant reductions in strength under compressive
loading at the elevated temperature than under tensile loading conditions.

Conclusions. The experimental investigations presented show that an increase
in temperature leads to bearing strength reductions in many polymer matrix
composite laminates. The extent of the bearing strength reduction has been
shown to be affected by not only the temperature change, but also by the
material system and lay-up being evaluated. The extent of bearing strength
reduction with increasing temperature was also shown to be independent of
clamp-up force for two material systems. Additionally researchers observed that
the bearing failure mode is more likely to occur than the tension failure mode at
elevated temperature due to a larger reduction in the laminate compressive
strength at the elevated temperature in comparison to the laminate tensile
strength. Consequently, based on the elevated temperature laminate tensile
strength and bearing strength data for the bearing failure mode, one could easily
design a joint with an optimum width, or distance between fasteners, for elevated
temperature applications.

Additionally, a study was presented that showed increase bearing strength
at the low test temperature of —250°F for graphite/polyimide specimens.
Unfortunately, the material properties of the quasi-isotropic laminate tested were
only reported at room temperature.

1.2.2 Analytical Studies on Bearing Behavior

Finite element analysis methods have been applied to investigate the
bearing behavior of composite joints at elevated temperatures. A two-
dimensional, in-plane, finite element analysis was employed by Maekawa et al. in
1985 to determine principal stresses in the vicinity of the bolt hole under bearing
loading conditions.”* By examining risk factors computed from the ratio of
principal stresses to the compressive and tensile laminate strengths, the ability to
predict the failure mode proved to be feasible. As the temperature increased,
higher compressive risk factors were observed at the bolt hole, thus increasing
the risk for a compressive failure mode. The risk assessment compared well with
test results where bearing failures were more prominent at elevated
temperatures.

An incremental finite element code was used by Chen and Lee to study
the effect of temperature on the contact stresses at pin loaded holes in




composite laminates.>?* % A two-dimensional finite element plate model of the
composite laminate with a constrained pin, as displayed in Figure 1.7, was
developed for their investigations. They adopted a quadratic failure criterion to
predict failure and study the failure process at different temperatures and for
different lay-ups and materials. Their analysis results showed bearing strength
degradations with increasing temperature, and that the extent of strength
degradation with increasing temperature was dependent on the material system
and lay-up being analyzed. Once again, analysis results showed a change in the
failure mode with temperature, from that of a tension failure mode at room
temperature to a bearing failure mode at elevated temperatures. In Chen and
Lee, their analysis model was first subject to a temperature increase while a
simply-supported boundary condition was imposed on the boundary where the
mechanical load, U, was subsequently applied.>*® Initial thermally induced
co